Summary. Phytotoxic activity of single and combined application of water soluble and volatile compounds of Cistus ladanifer on germination and early root growth of subterranean clover was investigated. Total germination, lag and speed of germination were both inhibited and stimulated, with the activity of volatiles on total germination depending upon the presence of water solubles. Antagonism between water solubles and volatiles was always found, resulting in a reduction of inhibition or a shift from inhibition to stimulation. It is suggested that the simultaneous presence of water solubles and volatiles might result in changes of the chemical nature of metabolites released by C. ladanifer. Early root growth was always inhibited but only by water solubles, and no interaction was found. The ecological implications of these results are discussed in terms of the exhaustion of competitors seedbanks by a two-step process in which germination is less inhibited or even stimulated by water solubles and volatiles, followed by a stronger and volatiles-independent inhibition of early root growth.
Introduction
Aromatic shrubs are a distinctive feature of mediterranean-type ecosystems and volatile compounds produced by them may play an important role in dry climates by restricting aerial growth of plants (Went 1970) or by inhibiting germination and growth of other species. In addition to the patterning of vegetation associated with Sal6ia spp. and Artemisia spp. in coastal sage of California, extensively reviewed by Rice (1984) , other examples of activity of volatiles released by shrubs can be found in a number of mediterraneantype ecosystems worldwide, namely in Greece (Vokou 1992 (Vokou , 1999 Vokou et al. 1993) , Israel (Friedman et al. 1977) , Portugal (Dias & Dias 1984) or South Africa (Proksch et al. 1982) .
Regarding the mechanism of volatiles release, accumulation and uptake by seeds and seedlings, Muller (1970) proposed that volatilization would start in late Spring, early Summer, when rainfall cease, soil surface is dry and soil microbial activity is at its lowest. Volatiles, being heavier than air, spread along the soil surface and are adsorbed by colloids. Later, rainfall releases the hydrophobic terpenes which can be taken up by cuticular waxes of seeds or seedlings and proceed from there, through a lipidic pathway, to the sites they inhibit.
Experimental evidence has partially supported this model (Tyson et al. 1974; Vicherková & Patková 1982) and further refinements were introduced when autopathy in Corydothymus capitatus was investigated (Vokou 1992 ).
Muller's model emphazises the hydrophobic nature of terpenes. More recently, the solubility of monoterpenes in water was established (Weidenhamer et al. 1993; Fischer et al. 1994) , broadening the range of mechanisms by which this type of compounds can be taken by seeds and seedlings.
Besides compounds released by volatilization, water solubles from aromatic shrubs were also investigated and found phytotoxic to a number of species. Aromatic species included, among others, Adenostoma fasciculatum, Artemisia herba-alba, Cistus ladanifer, C. sal6i-folius, Elytropappus rhinocerotis, Foeniculum 6ulgare, La6andula stoechas, Myrtus communis and Rosmarinus officinalis (Agra-Coelho et al. 1980; Dias & Dias 1984; Dias 2001; Dias et al. 1995; McPherson & Muller 1969; McPherson et al. 1971; Pereira 1992; Proksch et al. 1982) .
However, as far as we know, no report has ever been made on the combined activity of volatile and water soluble compounds in mediterranean shrubs, even when, in some of them, phytotoxic activity was separately found in volatiles and water solubles (Dias & Dias 1984; Friedman et al. 1977) . In addition, if the requirement of seed imbibition of Cucumis sati6us for an effective activity of volatiles of Rosmarinus officinalis (Vokou 1992 ) is generalized, the uptake of water solubles is very likely to be always coupled with volatile activity.
Therefore, an experiment was carried out to elucidate if water solubles and volatiles interact when applied together and if they do, what type of interactionsynergism or antagonism -occurs. Due to the solubility in water of a number of volatile compounds, the distinction between water solubles and volatiles depends upon the method used to obtain them. Regardless of their chemical family, water solubles will be viewed as the result of extraction with water, and volatiles as the result of the emission of chemicals by leaves.
Cistus ladanifer L. (Cistaceae) was selected as the source of chemicals because of the known phytotoxicity of its water solubles (Dias et al. 1995; Pereira 1992 ) and richness in volatiles (Gü lz et al. 1984; Tabacik & Bard 1971) , and for being one of the most abundant shrubs in southern Portugal, occurring in vast areas as pure stands. Subterranean clover (Trifolium subterraneum L. cv. 'Clare') was chosen as the target species because of its frequent use in dryland pastures in which C. ladanifer has been reported as a noxious weed (Salgueiro 1971) and for its known sensitivity to water solubles of C. ladanifer (Agra-Coelho et al. 1980; Dias 2001 ).
Materials and methods

Bioassays
Shoot tops of C. ladanifer were collected near É vora (southern Portugal) during the Summer. Shoots up to the fifth upper node were soaked in distilled water for 40 hr at 35°C, with continuous light, and filtered through Whatman paper No. 1. A 3× 3 completely randomized factorial design was followed. Level 0 of both water solubles and volatiles consisted of distilled water alone and was used as control. Levels 1 and 2 of water solubles resulted from a concentration of, respectively, 25 and 50 mg/ml (fresh weight : volume). Levels 1 and 2 of volatiles resulted from freshly collected and intact leaves, put in glass beakers, respectively 3 and 6 leaves in the germination experiment and a quantity corresponding to 5 and 10 cm 3 in the root growth experiment. In the germination experiment, for each combination of water solubles and volatiles, Petri plates were fitted with Whatman paper No. 1, sown with 50 seeds of subterranean clover, wetted with 10 ml of extract or distilled water, and the appropriate quantity of leaves. In the root growth experiment, transparent boxes were fitted with sponge and Whatman paper No. 1, sown with 12 seeds of subterranean clover and wetted with 35 ml of extract or distilled water, and the appropriate quantity of leaves.
Seeds were incubated under a 20/30°C, 8/16 h cycle, continuous dark, and were considered germinated if the radicle was visible. In the germination experiment, seeds were regularly counted and discarded during 5 days. In the growth experiment, the length of the five longer roots was measured at the 5th day.
Osmotic pressure and pH of extracts and distilled water were determined with a semi-micro osmometer Knauer type M and a pH-Meter Metrohm E-520.
Modeling of germination
In addition to total germination and root length, the lag (l) speed (1/k) and shape (c) of germination were estimated by non-linear least squares fitting of the Weibull function (Weibull 1951 ) using the Marquardt method, with germination expressed as the cumulative proportion of seeds that actually germinated.
The three-term Weibull function is highly flexible and useful for germination and phytotoxic studies (Brown & Mayer 1988; Dias 2001) , and can be expressed by
In terms of the germinative process, Y is the cumulative proportion of germinated seeds at time X, l a location parameter estimating the latest time at which germination is zero, k a scale parameter with l+ k estimating the time at which the cumulative germination is 0.63, and c a shape parameter. For 3.255c 53.61 the Weibull distribution is a good approximation of the normal distribution, while cB 3.25 indicates positive skewness and c\ 3.61 indicates negative skewness (Brown & Mayer 1988) .
Estimates of l were accepted if their values lied between the last observation time without and the first observation time with germination. The same criteria was followed with k, considering that l +k estimates the time, in days, at which the cumulative proportion of seeds that actually germinated is 0.63.
Data analysis
Total germination, lag, speed and shape of germination, and root length were analyzed by stepwise least-squares regression with a comparison-wise confidence level for coefficients of 0.05. Water solubles and volatiles levels, their squares and all interactions were considered in the candidate model and lack of fit tested. Coefficients of determination (R 2 ) were expressed as proportion of the maximum value possible for R 2 (Draper & Smith 1998) . Whenever interaction between water solubles and volatiles was found, the presence of synergism or antagonism was investigated following the procedures described by Colby (1967) . Using the fitted models, predicted values of Y SV (where s and 6 are the levels of solubles and volatiles) were expressed as a proportion of control (Y% SV =Y SV /Y 00 ). In the absence of interaction, the expected values for the combined application of water solubles and volatiles were obtained by multiplying the values of Y% SV of single applications of water solubles and volatiles (E SV =Y% S0 Y% 0V ). Observed effects (Y% SV ) greater than expected for the absence of interaction (E SV ), show synergism and lesser values show antagonism.
Results
Osmotic pressure ranged between 0 and 27.5 mOsmol/ Kg (control and level 2 of extract) and pH between 4.0 and 5.2 (level 1 of extract and control).
The fitted regression model (R 2 = 0.962) for total germination was TG=0.815−0.141 S+0.081 SV 2 + 0.117
where TG is the estimated total germination of subterranean clover, S refers to water soluble and V to volatile compounds of C. ladanifer. The fitted surface response of total germination to levels of water solubles and volatiles of C. ladanifer is shown in Fig. 1a , with total germination transformed to (TG c − TG)/TG c , where TG c is the proportion of germinated seeds in the control and TG in any combination of water solubles and volatiles. Therefore, in Fig.  1a , total germination is 0 in the control, positive values (in gray) represent inhibition of total germination while negative values (in black) represent stimulation.
The expected values of total germination for the combined application of water solubles and volatiles in proportion of the control (E SV ) were always lesser than 1, as could be anticipated from the effects of single applications. However, antagonism was always present because expected values were, without exception, lesser than the observed values (Y% SV ) for the combined application of water solubles and volatiles. Vol. 12, 2002 Interaction of solubles and volatiles 79 where l is the estimated time (in days) needed for the first seed of subterranean clover to germinate. The fitted surface response of the lag of germination to water solubles and volatiles of C. ladanifer is shown in Fig. 1b , with values greater than the control (l= 0.463, in gray) representing inhibition, in the sense that seeds took more time to start germination than those of the control, the remaining (in black) representing stimulation.
The expected values of l for the combined application of water solubles and volatiles in proportion of the control (E SV ) were always greater than 1, as could be anticipated from the effects of single applications. However, antagonism was always present because expected values were, without exception, greater than observed values (Y% SV ) for the combined application of water solubles and volatiles.
The fitted regression model (R 2 = 0.997) for time (k, in days) needed to attain 0.63 of cumulative germination after the first germination was The fitted surface response of k to water solubles and volatiles of C. ladanifer is shown in Fig. 1c . For better graphic representation, it was transformed to 1/k, which can be seen as the rate, or speed, of germination after its beginning (in day − 1 ). Therefore, in Fig. 1c values lesser than the control (1/k= 1.182, in gray) represent inhibition, in the sense that, after the start of germination, seeds were slower than those of the control to attain 0.63 of cumulative germination, whereas those greater than 1.182 (in black) represent stimulation.
The expected values of 1/k for the combined application of water solubles and volatiles in proportion of the control (E SV ) were always lesser than 1, as could be anticipated from the effects of single applications. However, antagonism was always present because expected values were, without exception, greater than the observed values (Y% SV ) for the combined application of water solubles and volatiles.
No regression model could be fitted to the shape of germination (c) of seeds of subterranean clover treated with water solubles or volatiles. Values of c ranged between 0.766 (level 2 of both treatments) and 1.983 (level 1 of water solubles and level 2 of volatiles), with a mean value of 1.213.
The effects of single and combined levels of water solubles and volatiles on root growth was investigated using only the five longer roots, presumably those that appeared first, and therefore belonging to seeds where the germination was less inhibited by the treatments. This attempt to separate the effects of treatments on Fitting Weibull functions to cumulative germination was possible for all combinations of water soluble and volatile levels, with values of R 2 ranging between 0.841 and 0.990, with a mean value of 0.945. disagrees with previous results (Dias 2001) in which the concentration of water soluble compounds of C. ladanifer corresponding to level 2 failed to affect germination of subterranean clover. Most likely, this difference result from a greater time of extraction together with the date of recollection of shoot tops. In this study shoot recollection was done in late Summer (August) with higher temperatures occurring for a relatively long period, while previously, shoot recollection was done in early Summer (June). As no rainfall occurred in the ten days before each recollection, previous washing of labdane can not explain the observed differences.
Antagonism was always present, reducing inhibition or changing it into stimulation. The experiment reported here was not designed to investigate the causes for the observed antagonism, and therefore, we can only hypothesize about them.
According to Nelson & Kursar (1999) antagonism might result from 1) an increased detoxification of phytotoxins, 2) change of an active compound rendering it ineffective, 3) reduction of penetration, transport or accessibility of phytotoxins to their sites of action or 4) attack of the same step of a process.
Any of these reasons could explain an antagonistic response resulting in lower inhibition of total germination when combined applications were considered (Y% SV ) compared to single applications of water solubles and volatiles (E SV ), but none of them explains the occurrence of stimulation when inhibition should be expected.
Therefore, an explanation to this qualitative change of inhibition to stimulation might involve a change of the chemical composition of water solubles, volatiles, or both, resulting from their simultaneous application and resulting in a qualitatively different response of subterranean clover.
Both water solubles and volatiles of C. ladanifer affected the lag of germination (l) of subterranean clover in single or combined applications (Fig. 1b) . In general, the lag of germination was increased by water solubles or volatiles. Viewing these increases as inhibitory, stimulation was only found in a small number of combinations of water soluble and volatile levels, at the highest levels of volatiles and intermediate levels of water solubles. Stimulation of lag of germination was found in a smaller number of combinations than stimulation of total germination, with only a partial overlap between them.
As with the lag of germination, both water solubles and volatiles affected the speed of germination (1/k) in single or combined applications (Fig. 1c) . In general, speed of germination was reduced by water solubles or volatiles. Viewing reductions in speed of germination as inhibitory effects, stimulation was found at almost all levels of water solubles provided that high levels of volatiles are present, with the range of stimulatory levels of water solubles quickly increasing with the amount of volatiles.
Like in total germination, antagonism was always found in lag and speed of germination. Because inhibition was to be expected if volatiles alone were applied, germination from those on root growth was further refined by taking into account the time needed for the beginning of germination, expressed by the value of l.
Therefore, time, in days, available for root growth was calculated as d− l, where d is the number of days from the beginning of the experiment until roots were measured and l the lag of germination. To account for differences d − l among treatments, root length (RL) was expressed and analyzed as RL r =RL/(d −l).
The fitted regression model (R 2 =0.976) of root length expressed as mm/day was RL r = 10.356−11.593 S +3.767 S 2 According to the equation, only water solubles affected root growth, with volatiles having no effect at all, as shown in Fig. 2 .
Discussion
According to their values, the relevance of osmotic pressure and pH can not be completely overlooked. Nevertheless, there is no strong evidence that the conclusions would be very different if their contribution were fully taken into account. This is particularly true in the case of osmotic pressure where values up to 40 mOsmol/Kg did not significantly affect germination and root length of subterranean clover (Agra-Coelho et al. 1980) .
Water solubles and volatiles of C. ladanifer affected total germination (TG) of subterranean clover, but only water soluble compounds could singly affect total germination (Fig. 1a) . Conversely, volatiles only affected germination of subterranean clover seeds when water soluble compounds were present. In general, total germination was inhibited, with stimulation occurring at the highest levels of volatiles and at low to intermediate levels of water solubles.
This activity on total germination of water solubles Vol. 12, 2002 Interaction of solubles and volatiles 81 the hypotheses of detoxification, inactivation, reduction of penetration or competition for sites of action are unacceptable for all combinations of water solubles and volatiles, and not only for the stimulation area as in total germination. No model could be fitted for the shape of germination (c). Given the values of c, the germination of subterranean clover is clearly positively asymmetric, with a pronounced tail to the right, meaning that, after its beginning, most seeds germinate in a short period of time, as could be expected in seeds of a species such as subterranean clover, selected for a fast and uniform germination.
Unlike germination, root growth of subterranean clover (RL r ) was insensitive to volatile compounds of C. ladanifer (Fig. 2) , even when applied in combination with water solubles. However, water solubles alone inhibited early root growth with minor differences in the intensity of inhibition between level 1 and 2.
Early root growth appears to be much more sensitive than germination to phytotoxic compounds of C. ladanifer. In fact, the maximum reduction of total germination was 35%, lag of germination was 12%, speed of germination was 51%, while that of root growth reached 86%. This suggests that, in addition to the reduction of competition by inhibition of germination, the phytotoxic activity of C. ladanifer might prevent further competition by a stronger inhibition of early root growth.
When compared with the hypothesis viewed as the most likely to explain the antagonism of effects of water solubles and volatiles on germination, the results for early root growth raise a number of additional questions, namely, 1) that phytotoxic activity on germination and early root growth might involve different levels of sensitivity, different chemicals or both, 2) if water solubles and volatiles interact chemically, the interaction does not affect the compounds responsible by the inhibition of root growth.
Interactions between phytotoxic and plant defense compounds have been reported in a number of studies (Chaves et al. 2001; Nelson & Kursar 1999; Rice 1984) , but with very few exceptions, always involving synergistic effects. In this study interactions were always antagonistic and, for a number of combinations of water solubles and volatiles, the observed antagonism involves a shift from inhibition to stimulation. However, only the germinative process was affected in this way, with no interaction being found in early root growth.
Therefore, it may be hypothesized that a two-step process of phytotoxicity might be present in C. ladanifer: first, the simultaneous presence in the soil of water solubles and volatiles might reduce the inhibition or even increase the germination of potential competitors, followed by a strong and volatile-independent inhibition of early root growth of potential competitors. If proven true, this stepwise activity of secondary metabolites of C. ladanifer could lead to a faster depletion of the seedbank of competitors and therefore, strongly contribute to the high ecological success of C. ladanifer.
Conclusions
Water soluble and volatiles compounds of C. ladanifer are variously effective against germination and early root growth of subterranean clover. When germination is considered, the most frequent result involves inhibition of total germination, lag and speed of germination, while root growth is always inhibited, with a greater intensity, and only by water solubles.
Antagonism between both types of compounds is always present in germination, suggesting that water solubles and volatiles interact chemically. Conversely, root growth inhibition is insensitive to volatiles and to the hypothesized chemical change of water solubles and volatiles that might result from their simultaneous availability to seeds. Therefore, the stimulation or reduced inhibition of germination by water solubles and volatiles together could be followed by the inhibition of root growth by water solubles alone, which might result in a faster reduction of competitors seedbanks.
